Sleep deficiency is a major public health concern. Since epidemiological studies play an important role in public health evaluations, this theoretical paper pursues answers to the question: 'How can we compute sleep deficiency as informative measures of exposures or doses in observational research?' Starting from the social jetlag concept and based on the chronodisruption rationale, we illustrate and discuss five approaches (one established and four untested, each with unique strengths and limitations) to quantify sleep deficiency by focusing on the timing and duration of sleep. Hitherto, social jetlag and chronodisruption rationale were neither explicitly proposed nor developed as assessments of sleep deficiency but, as we suggest, could potentially be utilized to this end. This first foray into computing sleep deficiency in epidemiological studies makes clear that laboratory, field and epidemiological collaboration is pre-requisite to elucidating potential (co-)causal roles of sleep deficiency in disease endpoints.
IN TROD UCTI ON
Sleep deficiency (SD) is a major public health concern (Alexandre et al., 2017; Czeisler, 2013) . The potential impact of SD on society and its effects upon health have been addressed from various different angles in the last four decades (Anderson et al., 2012; Barger et al., 2014; Beersma et al., 1984; Gaillard, 1978; Kohansieh and Makaryus, 2015; Laposky et al., 2016; Luyster et al., 2012; Rognvaldsdottir et al., 2017; St Hilaire et al., 2017; Sullivan et al., 2017; Winget et al., 1975; Xiao et al., 2017) . Not getting enough sleep and sleeping at the wrong time of day are accepted as key determinants of SD (Laposky et al., 2016) . The latter refers to the timing of sleep being out of sync with when our bodies are best prepared for sleep according to our biological time. As a result of both sleep-lack and sub-adequate timing, we may neither sleep well, get appropriate shares of the types of sleep (REM and non-REM) that our bodies need (NIH, 2014) , nor allow optimal performance of the housekeeping duties associated with sleep such as memory consolidation, growth, and repair. Clearly, sleep timing, duration or length, and quality -the former facets impacting significantly upon the latter -are important for the various roles of sleep and perturbations of any of these facets will impact public health.
THE QUESTION
Since epidemiological studies play an important role for public health evaluations, this theoretical paper pursues answers to the following question: 'How can we compute SD as informative measures of exposures or doses in observational studies?'
D E V E L O P I N G AN S WER S
That people sleep at different times on work-days and free days due to different social demands means there are periods of misalignment between biological (internal) and environmental or social (external) times. This can lead to what has been termed 'social jetlag' (SJL; Wittmann et al., 2006) . However, misalignments of internal and external times, whereby SD can be a critical cause or consequence, have been conceptualized in various ways (Table 1) . Naturally, assessment of SD exposures and doses caused by misalignments of internal and external times requires comparison of respective temporal information. Empirically, misalignments of the two times can be assessed by changes of sleep-wake activities .
Starting from the SJL concept (Wittmann et al., 2006) and based on the chronodisruption rationale (Erren et al., 2003) , we draw attention to four untested approaches to quantify SD by focusing on the timing and length of sleep. Hitherto, neither SJL nor chronodisruption rationale were explicitly proposed or developed as assessments of SD but could potentially be utilized to this end . In other words, we propose that basic formulae and theory already put forward for SJL Wittmann et al., 2006) and chronodisruption (Erren and Groß, 2015; Erren and Morfeld, 2014; Erren et al., 2016; can be used to compute SD. Herein, the computing of SD with different formulae is illustrated and discussed with regard to one hypothetical individual.
ASSESSING IN TERNAL AN D EXTERNAL TIMES
Internal time can be conceptualized as the genetically (co-) determined (Toh et al., 2001) , coordinated phase timing (in response to the solar photoperiod) of all circadian rhythms. Together they determine an individual's pristine timing for sleep and wake-related activities. It is important to note that internal times vary significantly between individuals as evidenced by their individual chronotype (Roenneberg et al., 2003) as 'the temporal phenotype of an organism' (Ehret, 1974, p. 74) .
Two widespread tools to assess internal time conveyed by chronobiological propensity or chronotype are the Morningness-Eveningness Questionnaire (MEQ; Horne and Ostberg, 1976) and the Munich-Chrono-Type Questionnaire (MCTQ; Roenneberg et al., 2003) . Since 1976, internal times have been derived from the MEQ by assigning scores to answers of 19 questions, with the total score being translated into chronotype information ('evening type' or 'intermediate type' or 'morning type'). Since 2003, the MCTQ rationale holds that 'the chronotype [is] defined as a mid-sleep point expressed in local time, thus as the time of a halfway point between sleep onset and offset' (Jankowski, 2017) or 'mid-sleep on free days' (Wittmann et al., 2006) .
External time information can be derived from times of factual work, activities, and/or sleep. In short-term experimental or field studies, such times can be determined via study protocols or study questionnaires. In medium-or longterm studies, obtaining information on external times is more difficult but can be done in principle via detailed questionnaires (Erren, 2012) .
APPROACHES TO COMPUTE SD
One approach to describe misaligned internal and external times is the concept of SJL (Wittmann et al., 2006) . On the basis of MCTQ-derived parameters, 'SJL can be quantified by calculating the absolute difference between mid-sleep on work-days (MS work ) and mid-sleep on free days (MS free )' (Wittmann et al., 2006) . Definitions of the different approach terms and abbreviations are listed in Table 2 .
Importantly, the SJL rationale assumes that the MS free represents an individual's internal time. Because many people sleep longer on free days due to sleep debt accumulated during work-days (Roenneberg et al., 2003) , average sleep per week has been used to correct for excessive sleep times during free days (Roenneberg et al., 2004; Wittmann et al., 2006) . However, it appears to be too strong an assumption that the MS free precisely captures sleep-wake information 'under natural conditions' (Zavada et al., 2005) due to the following reasons: Firstly, complex (and often conflicting) zeitgeber information to which individuals are exposed during work-days and free days will together contribute to determining both MS work and MS free such that neither time-points are necessarily representative of the appropriate internal sleep time. Secondly, average sleep per day over, for instance, 7 days is not necessarily representative of an individual's requisite sleep per day.
The key question therefore is: 'What is the sleep-wake behaviour under natural conditions?' (Zavada et al., 2005) . Such sleep behaviour will be determined by an individual's 'natural' or 'pristine' internal time. Pristine internal time has been defined as 'internal time without external influences such as work during an individual's biological night' . As temporal yardsticks for quantifying SDs, Groß et al. suggest asking individuals to imagine sleep behaviour on a day of complete preference using the perfect day (PD) approach : "We define the PD as a day with preferred sleep times without external social and work influences on sleep behaviour: Imagine you have two weeks just for yourself, there is no other person influencing your day, no animal that has to be cared for at Table 1 Concepts of misalignments of internal and external times associated with SD
Jetlag
Shift lag SJL Chronodisruption
The process of entrainment to new time-zones (Hauty, 1967) The process of entrainment to irregular shift times (Comperatore and Krueger, 1990; Foster and Kreitzman, 2004) Misalignment of biological and social times (Wittmann et al., 2006) Split nexus of internal and external times (Erren and Reiter, 2013; Erren et al., 2003) On a perfect day:
I wake up at . . .. o'clock."
Groß et al. consider the PD approach different from the MCTQ as it asks for the specific time-window when an individual would preferably sleep and different from the MEQ as it uses just one question to ask precisely for that information rather than including such information in answers to more complex nineteen questions .
As a complement to the SJL , the difference between the mid-sleep on a PD (MS perfect ) and the MS work may be computed and this may give MS work Deficiency (MSD work , approach 2). Similarly, comparing the MS perfect with the MS free may enable us to quantify MS free Deficiency (MSD free , approach 3)
Moreover, the chronodisruption rationale can yield two further options to compute SD. Importantly, while SJL and chronodisruption may appear similar (Table 1) , computation of the two and their informative power differ significantly. The exclusive focus of the SJL, viz. MS work and MS free , is to compare two specific (sleep-associated) points in time to yield differences in timing of mid-sleep on work-days and free days. Differently, computing chronodisruption Morfeld, 2013, 2014) requires the comparison of factual windows of (sleep) time to biological (sleep) time, thus taking into account both timing and length of sleep. This allows quantifications of SD through accumulated sleep disruption (Erren and Groß, 2015) , which is based on the timing of sleep alongside differences in sleep length to give an accumulated SD (ASD). ASD could be calculated in two steps: (a) A lack of appropriate sleep timing is quantified by the number of hours of factual sleep time on work-days (ST work ) and on free days (ST free ) intersecting with the pristine wake time-window (WT perfect ) (Erren and Morfeld, 2013; Erren and Morfeld, 2014; Erren and Reiter, 2013; . WT perfect represents the complement of ST perfect (i.e. internal time separation into biological day and night in accordance with the PD hypothesis). In addition, (b) a lack of sleep length is quantified by comparing the pristine sleep length (SL perfect ) with the factual sleep length on work-days or on free days (SL work or SL free ). Whilst measurements of different facets of sleep can be compared separately, the goal is to combine the various facets to compute ASD. Thus, under the simplest assumption that 1 hour of time misalignment and 1 hour of lacking duration can be weighted equally (and limitations are discussed below), summing up (a) and (b) gives continuous measures of SD that may then be quantified as ASD work and ASD free . Equations are shown in approaches 4 and 5, respectively; the concept is explicated more rigorously in mathematical terms elsewhere . The summing of ASD work and ASD free for the time of study observation (days, weeks, months, years or decades depending on the research question and data availability) would then yield total ASD. 
IL LUSTRAT ION: HYPOTHETICAL INDIVIDUAL
Let us consider a simple, hypothetical individual engaged in work-days with regular work schedules, i.e. fixed working hours, to exemplify the five approaches (Table 3) . Let us say this person has a ST perfect of 0000-0800, implying an SL perfect of 8 hours, and he/she works either an early shift (0600-1400), a late shift (1300-2100) or a night shift (2000-0700).
Working the early shift might yield a ST work of 2200-0400, working a late shift might yield a ST work of 0100-0900, and working a night shift might yield a ST work of 1000-1500. For the sake of simplicity, we have designated the ST free after each shift type for this person as 0100-0900. Additionally, with the exception of the SJL whose calculation requires two factual sleep periods (i.e. work and free days), all calculations of SD are kept to a single sleep period (Table 3) . Clearly, factual sleep timing and sleep durations may vary with regard to the shift worked and compared with pristine internal time. Equally clearly, the different SD approaches that take into account different facets of SD will yield different results for the different shift schedules (Table 3) .
While the results of approaches 1-3 are straightforward subtractions, the results of approach 4 require further explanation. Working the early shift leads to 4 ASD work hours due to 2 hours of ST work that intersect WT perfect and 2 hours for 'lack of sleep duration'. Similarly, working the late or night shift leads to 1 ASD work hours or 8 ASD work hours, respectively. In this example, approach 5 shows that the ST free relative to ST perfect leads to 1 ASD free hour. As a strength, approaches 4 and 5 can also hold for extreme conditions, whereby 1 hour rather than 8 hours of factual sleep within ST perfect will yield 7 ASD hours rather than 0 ASD hours, respectively. As a limitation, 8 hours of factual sleep overlapping either the initial 4 or final 4 hours of ST perfect yield 4 ASD hours apiece, but the phase-advancing or phasedelaying effects of such overlaps are unclear with regard to human health. Herein, weighting may be required, depending on the extent of each sleep facet deficit's impact upon health. Strengths and weaknesses of all formulae are discussed in further detail below.
BRIEF DI SCUSSI ON OF A BI G ' I F' AND OF MEASU RE S OLD AN D N E W
Internal time, compared against factual sleep time-points and time-windows, plays a pivotal role in calculation of SD. Due to this pivotal role, any of the proposed approaches to quantify misalignments of internal and external times depends on a Early 0800-0000 2200-0400 0000-0800 2200-0400 2 + 2 = 4 Late 0800-0000 0100-0900 0000-0800 0100-0900 1 + 0 = 1 Night 0800-0000 1000-1500 0000-0800 1000-1500 5 + 3 = 8 The five approaches to compute SD differ from one another. That is to say, each approach presents with strengths and limitations in regard to which combinations of sleep facets are assessed and how they are assessed in the calculation of SD. As per Table 3 , the specific combination of sleep facets that are taken into account by the different formulae could impact study results. Table 4 summarizes the five approaches and facilitates comparison of the sleep facet measurements these approaches allow. The comparison makes clear that, while SJL is confined to comparing SD between work-days and free days, approaches 2-5 quantify SD for both day types relative to pristine biological sleep. While approaches 2 and 3 leave us with information on the direction of sleep shift (clockor counter-clockwise), approaches 1, 4, and 5 do not. Approaches 4 and 5 capture entire sleep time-windows, considering both sleep timing and duration, but approaches 1-3 do not. Note further that approaches 1-3 are insensitive to changes in sleep duration. How we measure internal time varies between formula 1 and formulae 2-5. It should be noted that as the ST free (and thus its complement WT free ) is used as a marker of internal time (formula 1), WT free could be substituted into formulae 4 and 5 for WT perfect as a different measure of biological time. Indeed, this variation has been recently published with regard to computing circadian misalignment . Clearly, experimental and/or field research must explore whether 'timing deficits', 'phase-shifting effects', 'duration deficits', and 'duration extensions' need to be weighed as facets of SD (and if so, how). To exemplify, approaches 4 and 5 imply that differences between ST work/free and ST perfect have the same chronobiological impact irrespective of the direction of sleep shifts. Computing MSD work and MSD free with approaches 2 and 3 can yield clock-or counter-clockwise results of ≥0 hours or ≤0 hours. Importantly, classical jetlag studies suggest that shorter or longer days due to rapid time-zone travelling can impact human bodies differently by phasedelaying or phase-advancing circadian rhythms . Therefore, experimental and/or field research must inform epidemiological studies regarding how to interpret and integrate different directions of sleep shifts. The calculation of ASD in approaches 4 and 5 gives equal weighting to factual versus pristine sleep offset-timing and factual versus pristine sleep differences in sleep duration. At this stage, formulae 4 and 5 allow to quantify ASD on workdays, on free days, and on work-and free days combined with values of ASD work , or ASD free , or total ASD being ≥0 (0 being a forced lower bound until we better understand potential compensatory sleep). Compensation or indeed further ASD resulting from sleeping longer could require differential weighting, and studies utilizing these formulae will need to determine whether sleeping longer results in either compensation, further ASD, or has no effect. Experimental studies will be required to determine how the different combinations of sleep facets impact human health and to help give weighting to their roles in SD. It would be remiss not to mention here how formulae 1-5 differ from the Pittsburgh Sleep Quality Index (PSQI), which was developed to assess the subjective nature of sleep quality associations with psychiatric disease (Buysse et al., 1989) . Different from the formulae presented above, the PSQI does not explicitly take into account biological time.
Overall, computing SD via old and new approaches has implications at various research levels. From a methodological point of view, approaches 1-3 capture SD similar to the hands of a clock (mid-sleep timing shifts), while 4 and 5 integrate sleep timing and duration, thus allowing SD computations via comparisons with pristine biological sleep time-windows.
From a study population point of view, quantifying SJL was initially confined to people with regular work schedules (Wittmann et al., 2006) . Since then, quantifying SJL for individuals with changing/rotating shifts has been proposed via the MCTQ shift (Juda et al., 2013a) , which shares key similarities with how SJL is quantified. Quite differently, approaches 2 and 3 can be used to quantify SD for workdays and free days separately, and approaches 4 and 5 capture ASD doses irrespective of activities engaged in (shiftwork or otherwise). From the perspective of exploring whether SD over days or weeks (Fischer et al., 2016) may be associated with effects on, for instance, safety or performance (Czeisler, 2015) , we may use one or all of approaches 1-5. Although focusing on different facets, they can capture sleep-wake behaviour, which can be used as a basis for analysing possible shortand medium-term effects of SD. Yet, research targeting how SD may affect chronic processes such as ageing and cancer (Erren et al., 2003) will face bigger challenges. If the MCTQ is used to collect short-term information, such as 'typical sleep behaviour over the past 4 weeks' (Roenneberg et al., 2003) , approach 1 may be employed. Similarly, the MCTQ shift used within as brief a study period as 1 month may collect relevant and reliable information for approach 1. Yet, this is limited to short-term durations as it provides but a snapshot of SJL in time as evidenced by: 'Please answer [the following questions concern[ing] your sleep-and wake behavior on work-days and free days] with regard to your current shift schedule . . .. Also, please reply with regards to the current season (i.e. the last 6 weeks)' (Juda et al., 2013b) . Indeed, how confidently can we use one snapshot of SJL as an individual constant to assess long-term SD effects over many years and decades? To base directional conclusions in regard to the cause, and course, of long-term processes such as obesity (Roenneberg et al., 2012) , depression (Levandovski et al., 2011) , smoking and alcohol consumption (Wittmann et al., 2006 (Wittmann et al., , 2010 on one-time exposure information appears, at the very least, difficult. That the season of assessing SJL is associated with SJL variations (Allebrandt et al., 2014) underscores that a 'one-SJL-quantificationcaptures-it-all' may be too reductionist an approach. While formulae 2 and 3 may offer advances over formula 1 insofar as they allow differentiating the chronobiological strain through work-and free days separately, they disallow computation of accumulated doses of SD unless we assume that direction of shift of mid-sleep is not important. For studying possible effects of long-term SD, approaches 4 and 5, while being logistically challenging and not without limitations, may become a must to obtain interpretable results.
From a complementary research point of view, experimental, field, and epidemiology scientists must establish together the extent to which approaches 1-5 allow quantifications of SD facets that are relevant for short-, medium-, and/or longterm effects on public health.
Let us be clear, the five approaches proposed to compute SD are a first foray into computing SD in epidemiological research. As such, they come with inherent limitations as discussed above and care must be used when interpreting potential results. For one, formulae that may be applied in observational studies need to be compared with fine-grained methods such as actigraphy that can be used in experimental and/or field studies. Moreover, factors such as recovery nights and sleep pattern shifts may also come into play in terms of impacting health. Once again the approaches differ here: In regard to changing sleep patterns during study periods, approaches 1-3 build on 'sleep averages' (i.e. being asleep on a 'regular' work-day and on a 'regular' free day), while approaches 4 and 5 differentiate and combine variable sleep schedules across days of observation with ASD doses. Ultimately, experimental and field studies may decide the fate of any one formula of potential value for epidemiological studies, be it used alone or in combination with other ones.
CONC LUSIONS
To meet the challenges of an SD epidemic (Czeisler, 2013 (Czeisler, , 2015 , experimental, field, and epidemiological scientists must collaborate and develop studies of appropriate ª 2017 European Sleep Research Society chronobiological depth and interpretable simplicity. To achieve both ends, research 'to improve our understanding of the varied consequences associated with SD . . .. through studies at the basic and molecular science levels' has already been called for (NIH, 2011) . In addition, epidemiology must provide real-life observations to judge whether what may be found in experimental or field research is relevant for humans (Erren, 2010) and how it may impact public health (Reiter et al., 2012) . Taken together, this theoretical paper develops and discusses five answers to the question 'How can we compute SD as informative measures of exposures or doses in observational studies?' In retrospect, proposing 'a first approach' to quantify SJL in 2006 may be viewed as a step to computing facets of SD. Diligent and systematic developments on how SD may be qualified and quantifiedwith a focus on the 'timing' and 'duration' of sleep (Czeisler, 2015) -appear imperative now.
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